ABSTRACT
INTRODUCTION
Silicon (Si) platforms are promising and extensively used for Photonic Integrated Circuits (PICs) and integrated optoelectronics. Leveraging CMOS infrastructure and the high index contrast between Si and SiO2 (Silicon-On-Insulator (SOI)) allow for small footprint, low cost and scalable PICs. However, certain functionalities or components cannot be realized or are lacking on the Si (or SOI) platform. Firstly, Si has an indirect bandgap which makes light emission (lasers) and amplification (amplifiers) inefficient. Secondly, due to its centrosymmetric structure, Si doesn't exhibit a Pockel's effect and possesses negligible second order nonlinear susceptibility χ (2) , which limits nonlinear functionalities.
To overcome these constraints, extensive research has been carried out to integrate different optical materials on the Si platform. III-V semiconductors 1 , graphene 2 , germanium 3 , highly nonlinear ferroelectric thin films 4 are amongst different new optical materials that have been integrated on Si and have allowed optical components such as light sources 5 , photodetectors 6, 7 and modulators 8, 9 . Such PICs offer unprecedented functionality in different application domains such as telecommunication 10 , metrology 11 , automotive 12 , medical 13 , security and defense 14 ….
Pure phase modulators are a key building block of these PICs for various applications. They are used in spectroscopy applications to generate phase modulation sidebands, in telecommunication for data encoding, in optical phase locked loops, in gyroscopes, in lidars, holographic displays as well as for ultra-fast frequency control and stabilization of lasers.
Ideally, such a modulator should have a high bandwidth, high modulation efficiency, low loss and should have no spurious amplitude modulation. Si modulators based on plasma dispersion effects (free carrier depletion or accumulation) have high bandwidth and good modulation efficiency but suffer from spurious amplitude modulation and high insertion losses.
As mentioned earlier, heterogeneous integration has been proposed as a route to alternative modulators. Electro-optic modulation based on the Pockels effect induces a linear refractive index change as a function of applied electric field and is an ideal way to obtain phase modulation with negligible spurious amplitude modulation. In this work, we used a novel approach for the co-integration of strongly electro-optic thin film of ferro-electric Lead Zirconate Titanate (PZT) on Si 15 .
a d
An intermediate, low-loss lanthanide-based layer is used as a seed for the PZT deposition, as opposed to the highly absorbing Pt-based seed layers used conventionally enabling direct deposition of the layer on top of Si waveguides. This allows for Hybrid PZT/Si phase modulators: the optical field in the Si waveguide is evanescently coupled to the PZT and modulated. The thin films are preferentially oriented and possess an effective linear electro-optic coefficient of up to 250pm/V out of plane 15 . High-speed phase modulation have recently been demonstrated on a PZT-on-SiN platform and an effective linear electro-optic coefficient of ~ 67 pm/V in plane was reported 16 .
We demonstrate here a TE/TM electro-optic modulator with bias-free operation. The modulator is a phase shifter which comprises of straight Si waveguides and thin films of PZT spin-coated on the waveguides. The phase shifters were experimentally characterized by beating the modulated signal with an external acousto-optic modulator and evaluating the ratio between both signals. This experiment enables fast and easy characterization of phase modulators as proof of concept.
The samples were fabricated in a CMOS pilot line. The waveguides are 220 nm thick. TE waveguides are 450 nm wide and TM waveguides 750 nm. The waveguides are side cladded by SiO2. The PZT films are deposited by chemical solution deposition (CSD), using a lanthanide-based intermediate layer as reported in a previous publication 15 . Finally, Ti/Au electrical contacts are patterned in the vicinity of the waveguides using photolithography, thermal evaporation, and liftoff. The electrodes are 156 µm long for TE structures and 118 µm long for TM structures. The modulators were characterized by the setup shown in figure 2 . A 50/50 splitter was used to split the optical field from a tunable laser between the modulator (DUT) and an external acousto-optic modulator (AOM). Polarization controllers were used to control the polarization state coupled to the DUT and AOM. An RF signal was applied to the DUT for electrooptic phase modulation and this generates sidebands on the input laser beam in the frequency domain while the AOM induces a 200 MHz frequency shift on the laser beam. The frequency shifted beam was then mixed with the generated sidebands on a photodetector which generates a corresponding RF beat note signal. The photodetector output is coupled into an electrical spectrum analyzer (ESA) and the resulting phase modulation index and the voltage-length product V L were determined by evaluating the ratio between the main peak power at 200 MHz and the sidebands as discussed below. Figure 2 . Schematic description of measurement setup. DUT, device under test (modulator); 50/50, 3dB splitter ; AOM, acoustooptic modulator; ESA, electronic spectrum analyzer. An RF modulating signal is applied on DUT which generates sidebands in frequency domain. The output of the DUT is mixed with output of AOM unto a photodetector and the corresponding RF beat note is coupled into an ESA. The resulting phase modulation index is determined by evaluating the ratio between the main peak power at 200 MHz and the sidebands.
THEORY
The coherent optical field from the laser = .
+ . is fed into the DUT and AOM by an input 3dB splitter. The amplitude and phase noise of the laser is negligible in the analysis.
The contribution of the output of the AOM to the electric field at the input of photodetector can be expressed by
Δ is the operating frequency of the AOM (200 MHz).
Phase modulation is induced by an applied rf signal. Throughout this experiment, small phase change ( <<1 rad) is induced. The phase change ϕ(t) can be expressed as follows
The contribution of the output of DUT to the electric field at the input of photodetector can be expressed by
AAOM and Ao encompasses coupling and losses ( the coupling losses from splitters, polarization controllers, gratings and propagation losses), from laser to the photodetector through AOM and DUT respectively. The fields from the AOM and DUT are made to interfere on a photodetector. The total field at input of photodetector can be described by
The total optical power at photodetector is expressed as
For small angle approximation and neglecting DC and terms in 2wt,
The ratio (or difference Δ7 in dB) between electrical power at Δ and Δ ∓ Ω is Δ7 89 = 20 :;< =.
3. RESULTS
Electro-optic characterization
The modulator is a 156/118 µm long phase shifter for TE/TM respectively. The PZT films were ~150nm thick and the metal electrodes are 3 µm apart for TE and 5 µm apart for TM. The samples were poled at 30 V for TE samples and 40 V for TM samples (i.e. at maximum 10V/µm) for 30 minutes prior to the modulation. A CW tunable laser (TSL-510) operating at C-band (1530-1565 nm) was used as optical source. The combined loss of grating couplers and the transition between a bare and PZT-covered waveguide section is ≈15 dB for TE and ≈ 20dB for TM. The modulating signal for the DUT is generated through a function/signal generator (TTi TG2511A/ Rohde & Schwarz SMR40). A Gooch & Housego Fiber Q 1550nm fiber coupled AOM implements the frequency shift. The output from the DUT and AOM was connected to a photodetector (PDB480C-AC) that generates the RF beat note signal. The photodetector output is coupled into the electrical signal analyzer (Agilent N9010A EXA).
To characterize the modulators, a sinusoidal voltage was applied through a ground-signal RF probe. Figure 3 shows the electrical spectrum for 5KHz sinusoidal modulation with 10 dBm (2 Vpp) RF power. Following equation 5, the voltagelength product of the phase shifters was calculated to be 4.1 V.cm for the TE modulator and 7.1 V.cm for TM. For measuring the phase modulation frequency response, we applied a sinusoidal voltage with frequencies up to 10 GHz. The experiment was limited by the bandwidth of the photodetector. a The resulting phase modulation index for both TE and TM is shown on figure 4 . The results show a variation of the modulation index smaller than 12% up to 10 GHz, demonstrating high speed capabilities of the modulators. 
Device optimization
The presented modulators were not fully optimized in terms of electro-optic modulation parameters. To optimize the performance of the modulator, the electro-optic overlap in the PZT layer has to be maximized. The three important figures of merit for phase modulators are the propagation loss α, the tuning efficiency expressed in terms of the voltage-length product VπLπ and the VπLπ.α. The waveguide propagation loss α is calculated as the sum of a contribution caused by the electrodes, and a constant intrinsic propagation loss of 1 dB.cm −1 , estimated from previous experiment. The electro-optic coupling in the PZT layer increases with thinner Si waveguide, smaller electrode spacing and thicker PZT layer. Due to the increase in evanescent mode coupling in the PZT layer, the loss due to electrode absorption increases for small electrode spacing and thick PZT. A trade-off therefore exists between loss and VπLπ, and an optimum can be found with the product VπLπ.α for different Si waveguide widths. Simulation results for an optimum design for a TE and TM phase modulator are plotted in figure 6 . The waveguide widths are, respectively 280 nm and 300 nm for TE and TM. The waveguide height and the wavelength are 220 nm, and 1550 nm. An optimum VπLπ.α of 1.2 V.dB or VπLπ. of 1V.cm for TE (280 nm wide Si a b a waveguide, 360 nm thick PZT and 4µm electrode spacing) and 4.3 V.dB or 3.6 V.cm for TM (300 nm wide Si waveguide, 280nm thick PZT and 3µm electrode spacing) can be reached. 
CONCLUSION
We demonstrated a hybrid PZT-Si phase modulator that works based on Pockels effect operating for both TE and TM modes. Using a relatively simple chemical solution deposition procedure, we co-integrated a thin film of strongly electrooptic PZT onto a Si photonic chip. We demonstrated bias free, high-speed modulation with a VπL of 4.1 V.cm for the TE and 7.1 V.cm for TM using a measurement method that allows for fast and easy characterization of phase modulators. From simulations it is clear that the devices characterized in this paper do not yet represent the limitations of the platform and V L≈ 1.2 V.cm for TE and 3.6 V.cm for TM is achievable.
